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Edited by Ulrike KutayAbstract In eukaryotes, the packaging of DNA into chromatin
is essential for cell viability. Several important DNA metabolic
events require the transient disruption of chromatin structure,
but cells have evolved a number of elaborate pathways that oper-
ate throughout the cell cycle to prevent the deleterious eﬀects of
chromatin erosion. In this review, we describe a number of dis-
tinct nucleosome assembly pathways that function during DNA
replication, transcription, cellular senescence and early embryo-
genesis. In addition, we illustrate some of the physiological con-
sequences associated with defects in nucleosome assembly
pathways.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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In mammalian cells, about 2 m of DNA are packaged within
an interphase nucleus that is about 10–20 lm in diameter. This
architectural feat is achieved through several layers of DNA
coiling. The ﬁrst level of DNA packaging is the wrapping of
147 bp of DNA into 1.65 superhelical turns around the surface
of an octamer of histone proteins to create the nucleosome
core particle [1]. This octamer is itself a tripartite structure
composed of a central (H3–H4)2 tetramer ﬂanked by two
H2A–H2B dimers. In higher eukaryotes, nucleosome core par-
ticles are joined together by variable lengths of linker DNA
(roughly between 18 and 65 bp). Linker histones (a family of
proteins related to histone H1) shield the excess negativeAbbreviations: ASF1, anti-silencing function 1; BrdU, bromodeoxy-
uridine; CAF-1, chromatin assembly factor-1; ChIP, chromatin
immunoprecipitation; DH, deoxyribonuclease I-hypersensitive sites;
dNTP, deoxyribonucleoside triphosphate; DSBs, DNA double-strand
breaks; FACT, facilitates chromatin transcription; HAT, histone
acetyltransferase; HU, hydroxyurea; MCM, minichromosome main-
tenance; NFRs, nucleosome-free regions; NLS, nuclear localisation
signal; PCNA, proliferating cell nuclear antigen; PTMs, post-transla-
tional modiﬁcations; RFC, replication factor C; RPA, replication
protein A; SAHF, senescence-associated heterochromatic foci; SSBs,
DNA single-strand breaks
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into a higher-order structure known as the 30-nm ﬁbre [2].
In proliferating cells, the duplication of chromatin structure
during DNA replication is achieved through two concerted
reactions. First, DNA strand unwinding by the DNA helicase
(a complex of six MCM proteins) and DNA synthesis by the
polymerase require the transient disruption of parental his-
tone–DNA contacts and the transfer of parental histones
(often referred to as pre-existing or old histones) behind the
replication fork. The accuracy and eﬃciency of parental his-
tone transfer are likely important to prevent spontaneous
DNA damage caused by frequent pausing of replication forks
(Section 2) and the loss of parental histone post-translational
modiﬁcations (PTMs) involved in epigenetic silencing of gene
expression [3]. In addition to parental histone transfer, histone
chaperones rapidly deposit newly synthesised histones onto
nascent DNA through a nucleosome assembly pathway that
is tightly linked to DNA synthesis. Unlike chaperones that
facilitate protein folding, histone chaperones promote de novo
nucleosome assembly by shielding the excess positive charge of
histones. At physiological ionic strength, this histone charge
shielding is necessary to prevent the formation of aggregates
between histones and DNA. The purpose of this review is to
describe the roles of histone chaperones in DNA synthesis-
coupled nucleosome assembly. In addition, eukaryotic cells
have also evolved pathways that deposit either canonical core
histones or histone variants onto DNA outside of S-phase. We
will also describe the implication of these replication-indepen-
dent nucleosome assembly pathways in transcription and other
processes that require genome-wide changes in DNA packag-
ing, namely cellular senescence and chromatin assembly of
the paternal genome.2. Breaking through to the other side: elongation of DNA
replication through the nucleosomal barrier
The nucleosome core particle represents a formidable barrier
to the enzymes that mediate processive DNA or RNA synthesis
[4,5]. A number of genetic screens in the budding yeast
Saccharomyces cerevisiae [4] have led to the identiﬁcation of
the two subunits of an evolutionarily conserved protein com-
plex (known as Spt16 and Pob3 in yeast; SPT16 and SSRP1
in humans). This complex, subsequently termed FACT
(facilitates chromatin transcription), was biochemically puri-
ﬁed from human cell extracts based upon its ability to enhanceblished by Elsevier B.V. All rights reserved.
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[6]. FACT travels with RNA polymerase II and is strongly
implicated in overcoming the nucleosomal barrier to transcrip-
tional elongation [7–9]. In addition, FACT has been directly
linked to DNA replication. The two subunits of FACT are
needed for cell viability in S. cerevisiae but, surprisingly, only
the Spt16 subunit is essential in the ﬁssion yeast Schizosaccha-
romyces pombe [4,10]. In the budding yeast, FACT was puriﬁed
as part of a large replication fork progression complex [11].
FACT weakly binds to the single-stranded DNA binding pro-
tein RPA [12], and also directly binds to the DNA polymerase
a-primase complex [13,14] that creates primers for initiation of
leading strand DNA replication and Okazaki fragment synthe-
sis. Interestingly, several hypomorphic mutations in yeast
SPT16 and POB3, including mutations that weaken FACT
interaction with DNA polymerase a, lead to sensitivity to
hydroxyurea (HU), an inhibitor of ribonucleotide reductase
that interferes with DNA replication by depleting deoxyribonu-
cleoside triphosphate (dNTP) pools [12]. Remarkably, human
FACT also directly binds to the oligomeric MCM helicase
and facilitates unwinding of nucleosomal DNA in vitro [15].
In this system consisting only of puriﬁed proteins, the enhance-
ment of MCM-mediated DNA unwinding by FACT is rela-
tively modest and is probably not suﬃcient to catalyse
processive DNA strand separation through multiple nucleo-
somes [15]. During in vitro transcription of nucleosomal tem-
plates by RNA polymerase II, FACT displaces one of the
two H2A–H2B dimers [7]. This leaves the (H3–H4)2 tetramer
as an obstacle that needs to be surmounted by the polymerase
either acting alone or in conjunction with additional proteins.
This suggests that, in vivo, other proteins likely function in con-
cert with FACT and/or PTMs to facilitate rapid (1–3 Kb per
min) and processive DNA unwinding and synthesis through
nucleosomal arrays.3. The two faces of histone chaperones: nucleosome assembly
and disassembly
Anti-silencing function 1 (ASF1) is a histone chaperone in-
volved in both replication-coupled and replication-indepen-
dent nucleosome assembly (Fig. 1A) [16–18]. Through an
aﬃnity puriﬁcation strategy, ASF1 was recently co-puriﬁed
from human cell chromatin in a stable complex with the
MCMs and histone H3–H4 [19]. Some of the histones co-puri-
ﬁed with the ASF1–MCM complex likely are parental histones
because they contain PTMs (H3 K9 trimethylation and H4
K16 acetylation) that are atypical of those found in newly syn-
thesised histones [20,21]. Interestingly, ASF1-depleted human
cells exhibit a defect in the generation of single-stranded
DNA when replication forks are slowed down by dNTP pool
depletion with HU [19]. This is peculiar because, under normal
circumstances, conditions that impede DNA synthesis (e.g.
dNTP depletion or damage in the DNA template strands)
uncouple MCMs from the replisomes. This produces unusu-
ally long stretches of single-stranded DNA that, through acti-
vation of the protein kinase ATR and the intra-S-phase
checkpoint, alert the cell to the presence of DNA lesions that
block replication [22,23]. This lack of single-stranded DNA
production and checkpoint activation in ASF1-depleted cells
has been interpreted to imply an essential role of ASF1 in rep-
lication elongation through binding of parental H3–H4 his-tones, most likely to promote their transfer behind
replication forks [19].
In human, chicken DT40 and Drosophila cells, the absence
of ASF1 causes an accumulation of cells in S-phase that is
associated with the generation of nuclease-sensitive immature
chromatin, a decrease in BrdU incorporation into nascent
DNA and spontaneous DNA damage [24–26]. These replica-
tion-linked defects ultimately lead to severe aberrations in
chromosome segregation and cell lethality [25]. At least some
of these phenotypes are also observed in chicken DT40 and
human cells where chromatin assembly factor 1 (CAF-1) is
inactivated [27–30]. CAF-1 is an evolutionarily conserved
three-subunit protein (known as p150, p60 and RbAp48 in hu-
man cells) that is involved in deposition of newly synthesised
H3–H4 behind replication forks through an interaction with
proliferating cell nuclear antigen (PCNA) [31–33]. PCNA is
a homo-trimeric protein that encircles double-stranded DNA
and acts as a processivity factor for DNA polymerases, but
also serves as a mobile platform for de novo histone deposition
and many other key DNA metabolic events [34]. The similar S-
phase defects conferred by ASF1 and CAF-1 depletion in high-
er eukaryotes strongly suggest that the phenotypes of cells
lacking ASF1 are, at least in part, due to problems in replica-
tion-coupled de novo nucleosome assembly. A key question
that has yet to be addressed is why these pronounced pheno-
types occur in the absence of ASF1 and CAF-1. Two non-
mutually exclusive models have been proposed. The ﬁrst is
simply that the presence behind replication forks of partially
assembled nucleosome arrays and stretches of naked DNA
somehow causes catastrophic DNA damage and/or chromo-
some segregation defects. The second model invokes the exis-
tence of a chromatin assembly surveillance mechanism that,
in wild-type cells, prevents the generation of long stretches of
immature nucleosome arrays by slowing down or pausing rep-
lication forks [35]. This would provide time for the de novo
nucleosome assembly pathway to catch up with the replisome
in order to deposit histones immediately behind replication
forks. In the absence of either ASF1 or CAF-1, this putative
chromatin assembly surveillance mechanism might pause rep-
lication forks very frequently, possibly without checkpoint
activation [19], eventually leading to incompletely replicated
DNA, catastrophic DNA damage or chromosome segregation
failure [25,29]. In S. cerevisiae, the absence of the key check-
point kinase Rad53 leads to irreversible damage and aberrant
DNA structures when replication forks are delayed by HU-
mediated dNTP depletion [36,37]. Although the existence of
a chromatin assembly surveillance mechanism is not ﬁrmly
established, the association of human ASF1 with MCMs could
serve as an ideal molecular sensor that stalls DNA unwinding
whenever the supply of new histones is insuﬃcient. However,
classical experiments have shown that S. cerevisiae cells where
GAL promoter-driven expression of new histone H4 molecules
is repressed in G1 can complete DNA replication with normal
kinetics based on ﬂow cytometry. Moreover, these cells lose
viability during progression through S-phase and end up in
G2 with chromatin that lacks about 50% of the normal nucle-
osome content [38]. These results argue against the existence of
a yeast chromatin surveillance mechanism that monitors the
eﬃciency or replication-coupled nucleosome assembly. How-
ever, because new histone H3 molecules are expressed from
their natural promoters in these experiments [38], it is formally
possible that the presence of newly synthesised H3 may be
Fig. 1. (A) The duplication of chromatin structures involves two concerted reactions that occur rapidly during the passage of DNA replication forks.
The ﬁrst reaction is the transfer of parental or pre-existing histones (pale blue disks) behind replication forks which, in general, can take place onto
the DNA duplexes generated through either leading or lagging strand DNA synthesis. The gaps in nucleosome arrays created by DNA duplication
are ﬁlled-in by deposition of newly synthesised histones (orange disks) that are acetylated at several distinct lysine residues. (B) During transcription
elongation, parental histones (pale blue disks) are, in general, eﬃciently transferred onto duplex DNA behind RNA polymerase II. Occasional gaps
in nucleosome arrays that arise in highly transcribed genes are ﬁlled-in through deposition of the replication-independant histone H3.3 variant
together with H4 (orange disks).
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nucleosome assembly surveillance mechanisms may not exist in
S. cerevisiae.
In contrast to human cells, Asf1 and CAF-1 are not essential
for viability in S. cerevisiae, probably because of the existence
of other chaperones for histone H3–H4, such as the recently
discovered Rtt106 [39], Hif1 [40,41], the intrinsic chaperone
activity of FACT [7] or perhaps even Spt6, a chaperone that
has thus far only been associated with transcription [42].
Nonetheless, yeast asf1 and caf-1 mutants exhibit spontaneous
DNA damage, elevated levels of chromosomal rearrangements
[43,44], and are sensitive to a number of genotoxic agents thatdamage DNA during replication [18,45]. This is physiologi-
cally signiﬁcant because chromosome rearrangements are an
important source of tumourigenic mutations and often arise
through replication-linked DNA damage. In addition, many
cancer chemotherapeutic agents act by damaging DNA during
replication. Importantly, there is currently no evidence that the
genotoxic agent sensitivity of yeast asf1 or caf-1 single mutants
is the result of a generalised defect in DNA repair [44–47].
Thus, the exact source of the genomic instability and genotoxic
agent sensitivity of asf1 and caf-1 mutants is not known. How-
ever, many forms of DNA repair require transient disruption
of chromatin structure and some degree of DNA repair
W. Rocha, A. Verreault / FEBS Letters 582 (2008) 1938–1949 1941synthesis [48]. This is true for pathways that repair a wide spec-
trum of DNA lesions: damaged DNA bases, single-strand
DNA breaks (SSBs), double-strand breaks (DSBs), and
DNA helix-distorting lesions repaired by nucleotide excision
repair (e.g. lesions generated by ultraviolet light or cisplatin,
a cancer chemotherapeutic agent that creates intra-strand
crosslinks). Interestingly, CAF-1 expression is low in quiescent
cells, but is induced in response to ionising radiation or radio-
mimetic agents, such as bleomycin, that generate both SSBs
and DSBs [49]. In addition, CAF-1 is recruited to sites of
DNA damage and, at least in the case of UV-mediated
DNA damage, CAF-1 deposits histones at these sites to pro-
mote chromatin restoration [50]. Thus, one possible source
of the genotoxic agent sensitivity of caf-1 mutants might be
the failure to reassemble nucleosomes following DNA repair
synthesis.4. A genome-wide cycle of acetylation and deacetylation
The four core histones are composed of two domains. The
amino-terminal tails are not critical for structural integrity of
the core particle, but they are the targets of many PTMs lo-
cated within histone residues that protrude beyond the surface
of the nucleosome core particle [1]. The globular domains of
the four core histones adopt a similar structure known as the
histone-fold and they are responsible for both histone–histone
and histone–DNA interactions. Early metabolic labelling stud-
ies have shown that newly synthesised histones are acetylated
at several lysine residues within the amino-terminal domains
of H3 and H4 [51,52]. For many years, the dogma that pre-
vailed, based on biochemical fractionation of cytosolic and nu-
clear extracts, was that the acetylation of new histones took
place in the cytoplasm and hence, by extension, may play a
role in nuclear import of the newly synthesised histones. This
long-standing dogma was initially challenged by the discovery
of the ﬁrst B-type histone acetyltransferase (HAT). These en-
zymes are deﬁned as HATs that acetylate histones prior to
their incorporation into chromatin [53]. The two subunits of
this enzyme, known as HAT1 and RbAp46 in human cells,
are conserved in many species from yeast to humans. HAT1
catalyses the acetylation of H4 molecules on lysines 5 and
12, a pattern of modiﬁcation that is diagnostic of newly syn-
thesised H4 [20,54]. In chicken DT40 cells and the ﬁssion yeast
S. pombe, the absence of HAT1 is not lethal but results in sen-
sitivity to genotoxic agents [55,56]. This is not the case in S.
cerevisiae where hat1 single mutants have no known pheno-
type. This is because other B-type HATs acetylate the N-termi-
nal tail of H3 and, possibly, also the tail of H4 [53]. In S.
cerevisiae, plants and human cells, a major fraction of HAT1
is located in the nucleus during S-phase, but some of the en-
zyme is also present in the cytoplasm [40,53]. In addition, S.
cerevisiae Hat1 is part of a complex with Asf1, H3-H4 and a
karyopherin (nuclear import factor) known as Kap123 in yeast
[57]. At steady-state, histone chaperones such as Asf1 are pre-
dominantly nuclear, but it is formally possible that they shuttle
rapidly between the cytoplasm and the nucleus. Alternatively,
Hat1 and/or Asf1 may associate with the karyopherin-bound
H3–H4 cargo shortly after the complex has entered the cell nu-
cleus. Nuclear localisation signals (NLS) for H3–H4 are con-
tained within their N-terminal tails [57]. Consistent with co-
import of H3 and H4, their NLS act in a redundant manner.As in many other proteins, NLS activity of the histone tails
is optimal when they are positively charged and their lysine
residues are protonated (i.e. non-acetylated) [57]. To account
for these results, it was proposed that, rather than promoting
nuclear import, the conserved acetylation of lysine residues
in the N-terminal tails of H3 and H4 may facilitate dissocia-
tion of karyopherins from the H3–H4 cargo and/or some sub-
sequent event in the nucleosome assembly pathway [57].
The acetylation sites in the amino-terminal tails of H3 and
H4 were originally identiﬁed by N-terminal Edman sequenc-
ing. Until recent advances in mass spectrometry, all the acety-
lated residues of newly synthesised histones were thought to
reside within their amino-terminal domains. The analysis of
several puriﬁed complexes between chaperones and histones
has led to the identiﬁcation of two novel acetylation sites that
are located within the globular domains of newly synthesised
H3 and H4. The ﬁrst is the acetylation of H4 lysine 91
(K91). This acetylation site was originally uncovered in a pro-
tein complex that was puriﬁed from S. cerevisiae nuclear ex-
tracts and contains the chaperone Hif1, H3–H4 and the B-
type enzyme Hat1–Hat2 (orthologues of human HAT1-
RbAp46), but is also present in human cells [41]. Mutation
of H4 K91 confers sensitivity to genotoxic agents that damage
DNA during replication [41], as is the case in asf1 and caf-1
mutants. However, it is currently unclear whether those pheno-
types are due to a lack of H4 K91 acetylation, rather than sim-
ply a consequence of mutating K91. In vitro, mutation of H4
K91 weakens the binding of H2A–H2B dimers to (H3–H4)2
tetramers [41]. This is interesting because H4 K91 is present
in a strategic location at the interface of H4 with H2A–H2B
dimers, suggesting that H4 K91 acetylation could regulate
the maturation of histone octamers assembled behind replica-
tion forks [41]. This model is appealing because several studies
have demonstrated that de novo nucleosome assembly occurs
via a stepwise assembly process, wherein H3–H4 are deposited
onto DNA ﬁrst and are subsequently joined by H2A–H2B di-
mers [58,59]. Thus, regulated deacetylation of H4 K91 could
determine the timing of nascent chromatin maturation. This
may provide a window of opportunity for proteins that act
at damaged replication forks to gain access to DNA, thereby
protecting cells against genotoxic agents and maintaining gen-
ome stability. This period of nascent chromatin maturation
may also help enzymes involved in epigenetic inheritance
(e.g. histone deacetylases, DNA and histone methyltransfer-
ases), to access their substrates and duplicate the patterns of
DNA methylation and parental histone PTMs [3].
Another modiﬁcation of newly synthesised histones that was
recently discovered by mass spectrometry in S. cerevisiae is the
acetylation of histone H3 lysine 56 (K56). The bulk of this
modiﬁcation occurs in newly synthesised histones and can be
detected in complexes of histone H3–H4 with CAF-1 [60].
Remarkably, the vast majority of new histone H3 molecules
that are deposited behind replication forks during S-phase
are K56-acetylated [61]. Thus, when H3 K56 deacetylases
(Hst3 and Hst4) are inactivated throughout a single round of
S-phase, about 50% of total histones are K56-acetylated in
G2 (Fig. 2) [61]. In addition, H3 K56 acetylation is undetect-
able during passage through S-phase in the absence of de novo
histone synthesis [60]. These results suggest either that parental
histones are not K56-acetylated at all during replication or
that their acetylation occurs at much lower stoichiometry than
that of new H3 molecules. The acetylation of H3 K56 is catal-
Fig. 2. During S-phase, the demand for de novo histone deposition created by DNA duplication brings a genome-wide wave of newly synthesised
histones that are acetylated at multiple lysine residues in both H3 and H4. In S. cerevisiae, histone H3 lysine 56 is acetylated in virtually all the new
histones deposited throughout the genome during replication and globally deacetylated at later stages of the cell cycle. This genome-wide histone
acetylation and deacetylation is a novel component of the cell cycle that is important for the maintenance of genome stability and the ability of yeast
cells to survive genotoxic agents that damage DNA during replication. In response to DNA lesions generated during replication, the DNA damage
checkpoint promotes the degradation of H3 K56 deacetylases (Hst3 and Hst4) and blocks their de novo synthesis to preserve H3 K56 acetylation and
promote cell survival.
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site motifs characteristic of other HATs and appears to be re-
stricted to fungi [62–65]. The physiological substrate of Rtt109
is a complex of the histone chaperone Asf1 bound to a dimer
of H3–H4 and H3 K56 acetylation is essentially abolished in
either rtt109 or asf1 mutants [61,63,64,66]. Like Hat1,
Rtt109 cannot acetylate chromosomal histones [65,67], which
nicely explains why the majority of parental histone H3 mole-
cules are not K56-acetylated [60,61]. Mutations in either asf1
or rtt109 are epistatic with an H3 K56R mutation in their sen-
sitivity to genotoxic agents, strongly arguing that a major de-
fect in all these strains is the lack of H3 K56 acetylation
[63,66]. Furthermore, cells that cannot acetylate H3 K56 have
a high incidence of spontaneous Rad52 foci [44,47,63,64,68].
Rad52 is a key mediator of DSB repair by homologous recom-
bination that often forms foci during passage through S-phase
[68]. This suggests that cells devoid of H3 K56 acetylation suf-
fer from spontaneous DSBs during DNA replication. Despite
their acute sensitivity to genotoxic agents, cells that cannot
acetylate H3 K56 do not show any global defect in their ability
to repair DSBs [46,47]. In cells lacking H3 K56 acetylation,
chromatin immunoprecipitation (ChIP) assays revealed that
replication fork pausing by HU-mediated dNTP depletion re-
sults in either a loss of some replisome components (PCNA,
RFC, DNA polymerase e) or an abnormal accumulation of
DNA polymerase a [69,70]. This may explain why, in contrast
to wild-type cells, mutants where H3 K56 acetylation is com-
promised cannot readily complete DNA replication upon
HU removal [69]. Recent studies have also revealed that mu-
tants defective in H3 K56 acetylation are partially defective
in sister chromatid cohesion at several distinct loci [71]. Be-
cause sister chromatid cohesion promotes DSB repair [72],
the cohesion defect of cells devoid of H3 K56 acetylation
may explain some of their sensitivity to genotoxic agents that
cause DSBs. However, this is probably not the full story be-cause, as stated above, cells lacking H3 K56 acetylation are
not generally defective in DSB repair. Moreover, the molecular
mechanisms linking H3 K56 acetylation, replisome stability
and sister chromatid cohesion are currently unknown.
In the absence of DNA damage, H3 K56 is globally deacet-
ylated, either at some distance behind replication forks within
S-phase or following completion of DNA replication in G2/M
(Fig. 2). This genome-wide deacetylation of H3 K56 is medi-
ated by nicotinamide adenine dinucleotide (NAD+)-dependent
enzymes. Sir2 is involved in deacetylation of sub-telomeric re-
gions [73], whereas the sirtuins Hst3 and Hst4 act in a partially
redundant manner to deacetylate H3 K56 throughout most of
the genome [61,71,74]. In hst3 hst4 mutant cells, about 98% of
total H3 is K56-acetylated throughout the cell cycle based on
mass spectrometry [61]. Genome-wide deacetylation of H3
K56 is important because hst3 hst4 mutants exhibit many se-
vere phenotypes, such as thermosensitivity, mitotic chromo-
some loss, spontaneous DNA damage and an extremely
acute sensitivity to genotoxic agents that is even more pro-
nounced than that observed in mutants lacking H3 K56 acet-
ylation. Although their underlying molecular basis is
unknown, the severe phenotypes of deacetylase mutants are
caused by an excess or constitutive H3 K56 acetylation be-
cause they can all be suppressed by mutation of H3 K56 into
a non-acetylatable arginine residue [61,74]. In wild-type cells,
K56-acetylated histone H3 molecules are deposited behind
DNA replication forks through the replication-coupled nucle-
osome assembly pathway. Interestingly, the spontaneous DNA
damage, and possibly other phenotypes of hst3 hst4 mutant
cells, appears to be caused by the aberrant presence of H3
K56 acetylation in front of replication forks [61]. This may
help explain why cells need to globally remove H3 K56 acety-
lation before the next round of S-phase in daughter cells
[61,74]. In support of this, Hst3 and Hst4 are cell cycle-regu-
lated enzymes [71,74]. Hst3 begins to accumulate in late
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tion, whereas Hst4 peaks at later stages of the cell cycle
[71,74] and plays a more minor role in deacetylation than
Hst3 [61]. Hst3 is also negatively regulated to maintain high
levels of H3 K56 acetylation in response to genotoxic agents.
Following DNA damage during replication, the checkpoint ki-
nase Mec1 triggers both repression of the HST3 gene [74] and
ubiquitylation-mediated degradation of Hst3 molecules that
were present in the cell prior to DNA damage [71]. This is a
novel function of the DNA damage checkpoint that preserves
histone acetylation and promotes cell survival in response to a
wide spectrum of genotoxic agents, many of which are used in
cancer chemotherapy. In S. pombe, which is evolutionarily dis-
tant from S. cerevisiae, histone H3 K56 acetylation is cell cy-
cle-regulated by orthologues of Rtt109 and Hst3/Hst4 and is
maintained in response to DNA damage during S-phase [75].
H3 K56 acetylation has also been reported in Drosophila and
human HeLa cells [76,77]. However, based on mass spectrom-
etry, its stoichiometry is extremely low even in cells treated
with genotoxic agents or histone deacetylase inhibitors (A.
Verreault, unpubl.). Thus, in higher eukaryotes H3 K56 acet-
ylation may not occur throughout the genome but, consistent
with studies in S. cerevisiae and Drosophila, may have evolved
a separate function in histone deposition during transcription
[77–79].5. Replication-independent nucleosome assembly: ﬁlling in gaps
in our understanding of transcription
For many years, a powerful technique to locate important
cis-regulatory elements, such as enhancers and promoters,
was the mapping of deoxyribonuclease I-hypersensitive (DH)
sites in chromatin [80,81]. Although there is an excellent corre-
lation between DH sites and the presence of transcriptional
regulatory elements, the molecular nature of DH sites had re-
mained elusive until a few years ago. However, elegant DNA
topology-based and sedimentation assays [80], combined with
genome-wide studies using antibodies against non-modiﬁed
histones in ChIP assays analysed with micro-arrays (ChIP-
chip) [78,82–85], have ﬁrmly established that the promoters
of many actively transcribed genes contain short nucleo-
some-free regions (NFRs) that coincide with the sites of tran-
scription factor binding. Even in G1 cells, promoter-targeted
de novo histone deposition onto NFRs is mediated, at least
in part via the histones chaperones Asf1 and Spt6 [78,86,87].
Interestingly, even in the absence of active transcription, a
number of yeast promoters are subject to cycles of histone
eviction and nucleosome assembly, which has led to the
appealing suggestion that this dynamic ﬂuidity of nucleosomes
located in promoter regions may play important roles in the
regulation of transcriptional initiation [78,82]. However, a
key issue that has to be resolved is how histone chaperones
are guided to deposit histones speciﬁcally at the subset of pro-
moters that need to be repressed under certain conditions.
As is the case for DNA replication, parental nucleosomes are
transiently disrupted ahead of the transcription machinery and
reassembled behind it (Fig. 1B) [5]. The latter is obvious from
classical electron microscopy images of the highly transcribed
Balbiani ring genes of the midgeChironomus tentans. Whenever
the distance between elongating RNA polymerases is suﬃ-
ciently long, chromatin folds back into a higher-order structure[88]. This presumably could not occur if numerous gaps were
present in nucleosome arrays. This strongly argues for the exis-
tence of a potent nucleosome assembly machinery that deposits
histones whenever gaps in nucleosome arrays are left in the
wake of RNA polymerase. As stated earlier, the disruption of
parental nucleosomes ahead of RNA polymerase II is, at least
in part, caused by the FACT protein complex (Section 2) [4].
However, genetic evidence suggests that FACT is also involved
in the reassembly of parental histones behind the transcription
machinery [89]. There are multiple reasons to suspect that rapid
and eﬃcient transfer of parental histones behindRNApolymer-
ases is physiologically important. In S. cerevisiae, mutations in
FACT, and several other proteins, reduce histone density in
transcriptionally active genes and result in the production of
aberrant transcripts derived from cryptic initiation sites located
within the coding regions of genes [90]. This transcriptional
noise caused by nucleosome loss during elongation may inter-
fere with normal programmes of gene expression, particularly
if the cryptic initiation sites drive antisense transcription. Sec-
ond, signiﬁcant nucleosome loss during elongation may erode
histone PTMs and/or the natural nucleosomal substrate that
is normally encountered by the transcription apparatus. This
deterioration of the chromatin substrate may impede the kinet-
ics of elongation or prevent repeated cycles of transcription of
the same genes. Third, the presence of long stretches of naked
DNA behind RNA polymerases may promote the formation
of R-loops. These structures, where a nascent RNA transcript
is hybridised back to its template DNA strand, are an important
source of genomic instability [91]. Although FACT is likely eﬃ-
cient at transferring histones behind RNA polymerase (see be-
low), cells also have evolved a backup plan to prevent
chromatin erosion during transcription.
In addition to the major replication-dependent forms of his-
tone H3, known as H3.1 and H3.2 in human cells, many
organisms also express the H3.3 variant. Unlike H3.1/H3.2,
the synthesis of new H3.3 molecules is not restricted to S-phase
and occurs throughout the cell cycle [92]. In non-proliferating
cell types that remain alive for prolonged periods of time, such
as neurons, the H3.3 variant can represent a large fraction of
total histone H3 [93]. Although H3.3 is highly similar to
H3.1/H3.2 at the amino acid sequence level (Fig. 3), the two
types of histones are associated with distinct chaperones in
proliferating cells. H3.1/H3.2 are predominantly associated
with CAF-1, whereas H3.3 is mostly bound to HIRA [17].
The three amino acids of the histone-fold helix 2 that diﬀer be-
tween H3.1 and H3.3 (Fig. 3) are crucial to channel H3.1
exclusively towards the replication-coupled assembly pathway.
Mutation of those three amino acids in H3.1 allows it to be
deposited through the replication-independent pathway [92].
The ASF1 histone chaperone forms complexes with dimers
of both H3.1–H4 and H3.3–H4 [17], consistent with the dual
roles of ASF1 in both replication-coupled and replication-
independent nucleosome assembly. H3.3 is predominantly
incorporated into actively transcribed genes [94–96]. This is
in part due to the fact that ASF1 travels with the transcription
machinery and/or rapidly ﬁlls in gaps left in nucleosome arrays
following passage of RNA polymerase [123]. In S. cerevisiae,
hypomorphic mutations in FACT exacerbate the phenotypes
of asf1 mutants and are lethal in combination with null muta-
tions in the genes encoding any of the four subunits of the HIR
protein complex: HIR1, HIR2, HIR3 and HPC2 [89]. This is
particularly striking because S. cerevisiae HIR gene mutations
Fig. 3. De novo nucleosome assembly during DNA replication predominantly utilises H3.1 as a substrate, although some H3.3 can also be
incorporated into chromatin during S-phase. In contrast, de novo nucleosome assembly outside of S-phase relies on the H3.3 variant. This is in part
because H3.1 RNA is absent outside of S-phase, but also because a few amino acid residues located within helix 2 of the histone-fold, which are
diﬀerent between H3.1 and H3.3, impart histone chaperones with speciﬁcity to deposit the two distinct histone H3 variants onto DNA (see text).
Intriguingly, in S. cerevisiae and S. pombe, histone H3 molecules are more similar to human H3.3 than H3.1 within helix 2. The last 20 residues
(including helix 3 of the histone-fold) are not shown because they are identical between H3.1 and H3.3.
1944 W. Rocha, A. Verreault / FEBS Letters 582 (2008) 1938–1949do not result in any pronounced cellular phenotype other than
defects in histone gene repression [97]. In addition, hypomor-
phic mutations in FACT subunits are surprisingly not lethal
in combination with caf-1 mutations [89]. One possible inter-
pretation of these results is that frequent nucleosome loss is
incompatible with cell viability when both FACT and the
Hir-mediated nucleosome assembly pathways proteins are
compromised. However, this does not imply that FACT is
ineﬃcient in retaining parental histones associated with
DNA during passage of RNA polymerase. In the ciliate Tetra-
hymena thermophila, the H3.3 gene is not essential for viability,
but its absence results in germline and sexual reproduction de-
fects [98]. Importantly, even within highly transcribed genes,
nucleosome density is not signiﬁcantly reduced in Tetrahymena
cells lacking H3.3 [98]. This is consistent with in vivo photoble-
aching data showing that histone H3 is only rarely evicted
from chromatin during transcription elongation [99]. This is
possibly achieved by FACT, acting either alone or with the
assistance of other histone chaperones [5,89]. Nonetheless, it
will be informative to assess the phenotypes of H3.3 gene dis-
ruption in the mouse. At the very least, one would expect phe-
notypes due to transcription-dependent chromatin erosion in
long-lived quiescent or terminally diﬀerentiated cells.6. Permanent silence: nucleosome assembly and cellular
senescence
Cellular senescence is deﬁned as an irreversible withdrawal
from cell cycle progression that depends upon well-establishedtumour suppressors such as Rb and p53 [100,101]. Thus, senes-
cence is widely regarded as an important defence mechanism
against tumourigenesis and may also contribute to ageing in
various organisms. Several factors can induce senescence. In
addition to telomeric DNA attrition, a number of diﬀerent
types of cellular stress (e.g. DNA damage or oxidative stress)
and, remarkably, activated oncogenes can all trigger senes-
cence. Although other mechanisms may also exist, activated
oncogenes can provoke senescence by causing premature entry
into S-phase leading to DNA damage [102–104]. Amazingly,
irreversible senescence in human cells is associated with a glo-
bal condensation of chromatin, wherein each chromosome is
packaged into tightly compact structures known as senes-
cence-associated heterochromatic foci (SAHF) [105,106].
SAHF are important to impose the permanent cell cycle arrest
characteristic of cellular senescence. This is, at least in part, be-
cause genes that promote cell proliferation (e.g. E2F-regulated
genes such as cyclin A) are transcriptionally silenced through
their stable packaging into SAHF [105]. An essential step in
the biogenesis of SAHF is the concerted action of two human
histone chaperones: ASF1a and HIRA [106,107]. These chap-
erones likely deposit substantial amounts of histones H3–H4
onto DNA to drive chromosome condensation and the forma-
tion of SAHF.
One of many remaining puzzles is the source of histones
H3–H4 that are necessary for ASF1a and HIRA to promote
formation of SAHF. In normally proliferating cells, the repli-
cation-dependent histone mRNAs, known as H3.1 and H3.2,
are tightly repressed both outside of S-phase and in response
to genotoxic agents that interfere with DNA replication
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both HIRA-dependent transcriptional repression and a sophis-
ticated post-transcriptional regulatory mechanism that pre-
vents the expression of excess replication-dependent histone
RNAs and proteins in the absence of DNA replication [108].
This translational regulation is made possible by a 3 0-terminal
stemloop structure that is unique to replication-dependent his-
tone RNAs [109]. However, the mRNA encoding H3.3 is ter-
minated by polyadenylation, rather than a 3 stemloop and,
as a result, the H3.3 protein can be expressed at all stages of
the cell cycle. The histone chaperone HIRA is mainly associ-
ated with H3.3 in proliferating human cells [17]. Thus, it is pos-
sible that the source of H3 for HIRA-mediated formation of
SAHF is the variant H3.3. At ﬁrst glance, this seems at odds
with the observation that a major fraction of H3.3 is incorpo-
rated during transcriptional elongation to prevent chromatin
erosion of highly transcribed genes. Moreover, a large fraction
of H3.3 acquires PTMs characteristic of active chromatin [94–
96,110]. However, a portion of H3.3 molecules also contain
PTMs typical of transcriptionally silent chromatin
[21,76,110]. In model organisms, there are several examples
where Asf1 and Hir proteins, promote transcriptional silencing
and/or heterochromatin formation. For instance, a well-estab-
lished and conserved function of HIRA homologues is the
repression of replication-dependent histone genes in G0/G1
and G2/M-phase cells [97,111,112]. The seemingly conﬂicting
roles of ASF1 and HIRA in promoting histone incorporation
during either gene transcription or repression can be readily
reconciled simply by invoking that, in response to appropriate
cues, these chaperones generally act in a DNA replication-
independent manner to ﬁll in gaps in nucleosome arrays.
The fact that senescence triggered by activated oncogenes is
initiated by unscheduled DNA replication also suggests an-
other potential source of histones for the generation of SAHF.
It seems possible that new histones are already present in the
cell when activated oncogenes induce precocious entry into
S-phase and the formation of SAHF. This is not implausible
because, despite the fact that the preferred substrate of HIRA
in human cells is H3.3 [17], this variant can be incorporated
into chromatin, albeit ineﬃciently, by a replication-coupled
mechanism [98]. In S. cerevisiae, there is a single form of his-
tone H3 with a sequence more closely related to that of human
H3.3 (Fig. 3) and the HIR protein complex contributes to sta-
ble epigenetic silencing of gene expression [111,113]. Moreover,
part of the contribution of Hir proteins to transcriptional
silencing in S. cerevisiae is mediated via a replication-coupled
PCNA-dependent nucleosome assembly pathway [113]. The
two aforementioned sources of histones are not mutually
exclusive, but determining the exact mechanism of histone
deposition may prove crucial to understanding the assembly
of SAHF. Several other changes in chromatin structure are
associated with the biogenesis of SAHF, such as the methyla-
tion of H3 lysine 9 and its binding by heterochromatin protein
1 (HP1), the loss of histone H1, and the incorporation of high
mobility group proteins of the I/Y family as well as an extreme
variant of histone H2A, known as macro-H2A [100]. It is for-
mally possible that some of the dramatic changes in chromatin
structure that occur in SAHF are driven by an increase in
nucleosome density. For instance, the loss of histone H1 could
be accounted for by an increase in histone octamer density and
a compensatory decrease in the available length of linker
DNA. Histone H1 binds to the linker DNA and neuronalchromatin, which is characterised by a very short linker
DNA (only about 13 bp), also has a substantially lower H1
content (about 50%) than chromatin derived from cells with
longer lengths of linker DNA [114].7. An extreme case of de novo nucleosome assembly: packaging
of the paternal genome
During spermatogenesis, the majority of histones are re-
placed ﬁrst by transition proteins and ﬁnally by small argi-
nine-rich proteins known as protamines [115]. Protamines
are needed to tightly package the paternal genome into the
sperm head (only about 4 lm diameter in humans). However,
following fertilisation, the protamines are stripped oﬀ DNA
and a massive wave of nucleosome assembly occurs through-
out the paternal genome. The genome-wide removal of prota-
mines and their substitution by nucleosomes takes place before
fusion of the maternal and paternal pronuclei and is necessary
to decondense the paternal chromosomes as a prerequisite for
the ﬁrst round of DNA replication [115]. Through an elegant
genetic screen, sesame (ssm) was identiﬁed as a mutation that
disrupts the replacement of protamines by nucleosomes
throughout the paternal genome [116]. The Sesame protein is
the Drosophila orthologue of human HIRA and both Sesame
and the necessary supply of histones are provided by the egg
[117]. Consistent with the fact that replication of the paternal
genome cannot occur prior to protamine removal, the form
of histone H3 that is stockpiled in the egg is the histone
H3.3 variant that supports replicated-independent nucleosome
assembly [92,118]. Unexpectedly, HIRA is not needed for prot-
amine removal and its genome-wide function in nucleosome
assembly throughout the parental genome does not require
ASF1 [118]. In addition, the only essential function of HIRA
in Drosophila is to assemble chromatin onto the paternal gen-
ome [118]. This does not at all imply that nucleosome assembly
pathways that repress transcriptional initiation or prevent
chromatin erosion during the elongation phase of transcription
(Section 5) are dispensable for cell viability. It is entirely pos-
sible that these functions can be performed by ASF1, acting
alone or in conjunction with other transcription-coupled his-
tone chaperones such as FACT or Spt6 [7,42]. This argument
is strongly supported by the fact that H3.3 incorporation into
embryo and adult ﬂy chromatin is not impaired in the absence
of HIRA [118].8. Conclusion
In this review we have described the biological functions of
both DNA synthesis-coupled and replication-independent de
novo nucleosome assembly. The DNA synthesis-coupled
assembly pathway is essential for cell viability contributes to
chromatin restoration following the repair of a wide variety
of DNA lesions. In addition, several sites of acetylation in
the newly synthesised histones play major roles in the mainte-
nance of genome stability and cellular resistance to a number
of genotoxic agents that damage DNA replication forks. For
most of the acetylation sites associated with newly synthesised
histones, the molecular mechanisms that account for their bio-
logical functions are poorly understood. Replication-indepen-
dent nucleosome assembly pathways are exploited by cells to
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nucleosomes that occurs during transcription elongation of
highly active genes. De novo nucleosome assembly also initates
cellular senescence [100] and the replication-independent path-
way can act in a genome-wide fashion to package the paternal
genome within the male pronucleus of the one-cell embryo
[117]. An issue that was not addressed in this review is the
importance of nucleosome assembly pathways to maintain or
modify the epigenetic fabric of the genome [3]. Finally, a major
challenge that has yet to be addressed is how cells control the
delicate balance that must be achieved between functionally
distinct nucleosome assembly pathways. For instance, accurate
segregation of sister chromatids into daughter cells critically
depends upon the site-speciﬁc incorporation of a centromeric
histone H3 variant known as CENP-A in vertebrates
[119,120]. The CENP-A variant is present in much smaller
amounts than H3.1/H3.2 and H3.3, the main forms of histone
H3. Several lines of evidence argue that changes in the relative
expression of CENP-A and canonical H3 molecules prevent
the accurate incorporation of CENP-A at centromeres and fa-
vour its replacement by H3 which, in turn, interferes with
faithful chromosome segregation [121,122]. Moreover,
RbAp48, and its S. pombe orthologue Mis16, bind CENP-A
and are critical for its localisation at centromeres [119,120].
Surprisingly, the same RbAp48 polypeptide is also a subunit
of CAF-1, a major assembly factor that deposits canonical his-
tone H3–H4 throughout the genome during DNA replication
[58]. Thus, determining how speciﬁc histone variants are tar-
geted to their appropriate chromosome location remains a ma-
jor challenge in the ﬁeld of nucleosome assembly.
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